An observational study of tropical cyclone intensification is performed using dropsondes, in situ flight-level data, satellite imagery, and Electra Doppler Radar (ELDORA) during the spinup of Tropical Storm Jangmi (2008) in the western North Pacific. This event was observed with research aircraft during the Tropical Cyclone Structure 2008 (TCS08) field experiment over the course of 3 days as Jangmi intensified rapidly from a tropical storm to a supertyphoon. The dropsonde analysis indicates that the peak azimuthally averaged storm-relative tangential wind speed occurs persistently within the boundary layer throughout the spinup period and suggests that significant supergradient winds are present near and just within the radius of maximum tangential winds. An examination of the ELDORA data in Tropical Storm Jangmi reveals multiple rotating updrafts near the developing eye beneath cold cloud top temperatures #2658C. In particular, there is a 12-km-wide, upright updraft with a peak velocity of 9 m s 21 with collocated strong low-level (z , 2 km) convergence of 2 3 10 23 s 21 and intense relative vorticity of 4 3 10 23 s
Introduction
While a 45% (3% yr
21
) decrease in the 48-h track forecast error of tropical cyclones has been achieved between 1990 and 2005, only a modest decline of approximately 17% (1.1% yr
) in the 48-h intensity forecast errors has been attained over the same period (Rogers et al. 2006) . The lack of improvement in intensity forecasting may be due in part to an incomplete knowledge of the physics and dynamics of intensity change. In addition, there is no consensus on the dominant intensification mechanism. Finally, the absence of advancement in intensity forecast skill may be a result of the inherently short predictability window of tropical cyclone intensification.
The recent work of , Bui et al. (2009) , Smith and Thomsen (2010) , and Smith and Montgomery (2010) has suggested that boundary layer dynamics play a more prominent role in the intensification process than thermodynamics. However, a lack of observations of boundary layer structure during intensifying storms limits our ability to evaluate this work.
To provide a context for this observational study, we review briefly three major spinup theories that have been proposed over the past 50 years. The classical, or ''conventional'' view of tropical cyclone spinup features a deep layer of convectively induced convergence of absolute angular momentum M above the boundary layer, where the flow is assumed to be approximately frictionless so that M is materially conserved (Charney and Eliassen 1964; Ooyama 1969; Carrier 1971; Willoughby 1990) .
A second hypothesis developed over the past two and half decades emphasizes thermodynamic processes and focuses in particular on a postulated positive feedback loop involving the near-surface wind speed and the evaporation of water from the underlying ocean, with the evaporation rate being a function of wind speed and thermodynamic disequilibrium (Rotunno and Emanuel 1987; Emanuel 1989 Emanuel , 1997 Emanuel , 2003 Emanuel et al. 1994; Holton 2004) .
A third and recent theory described in a series of papers by Nguyen et al. (2008) , , , Bui et al. (2009) , and Persing et al. (2013) highlights the presence of rotating convective structures 1 and their vorticity remnants as well as their role in organizing the vorticity structure of the storm's core. These clouds collectively drive the spinup of the system-scale vortex by inducing radial inflow above the boundary layer, consistent with the previous two theories. As in the earlier hypotheses, radial convergence of M above the boundary layer in conjunction with its material conservation leads to spinup of the bulk tangential winds and an increasing radial pressure gradient there. In contrast, this new theory stresses the fact that the spinup of the maximum tangential winds actually occurs in the boundary layer below 1-km altitude.
In the boundary layer, M is reduced by the frictional torque, but the radial inflow is much stronger than above this layer due to both friction and an increase in the radial pressure gradient at the top of the layer resulting from elevated radial inflow atop the boundary layer. Spinup occurs in the boundary layer when the radial inflow is large enough to converge rings of air with radius r to small radii sufficiently rapidly so that, despite some loss of M due to friction, M/r increases. The amplification of the tangential wind by this mechanism naturally leads to the development of supergradient flow and an accompanying outward agradient force. The agradient force acts to arrest the radial inflow at the base of the eyewall, whereupon air parcels turn upward and carry their elevated tangential momentum into the eyewall. This process contributes also to the spinup of the tangential winds in the bulk vortex Bui et al. 2009; Smith and Thomsen 2010; Smith and Montgomery 2010; Persing et al. 2013) . The foregoing paradigms are reviewed and compared by Montgomery and Smith (2013) 
The strong low-level radial inflow in the inner-core region has been documented in individual cases by Montgomery et al. (2006b) , Bell and Montgomery (2008) , Bell et al. (2012) , and by Zhang et al. (2011) in a recent composite of dropsonde observations in mature and intensifying tropical cyclones. While these studies offer support for elements of the foregoing hypothesis, they do not demonstrate fully the chain of processes for the boundary layer spinup mechanism articulated above. Although this study displays more data analysis on boundary layer processes than in prior observational studies, it still falls short of showing the entire sequence of events associated with spinup primarily due to data limitations.
Two complementary field experiments, The Observing System Research and Predictability Experiment (THORPEX) Pacific Asian Regional Campaign (T-PARC); and the Tropical Cyclone Structure 2008 (TCS08), conducted in the summer of 2008 in the western North Pacific used research aircraft to collect data in tropical disturbances and intensifying tropical storms. For details on the T-PARC and TCS08 field campaigns, the reader is referred to Parsons et al. (2008) and Elsberry and Harr (2008) . During the experiments, two typhoons, Jangmi and Nuri, were documented in considerable detail over a period of several days as they intensified, offering an opportunity to investigate the role of the boundary layer in spinup. In addition, data obtained using the Electra Doppler Radar (ELDORA) acquired during the tropical storm stage of Jangmi provide an opportunity to document the presence of rotating convection during intensification. The present paper presents the results of such an investigation for Supertyphoon Jangmi.
The paper is organized as follows. Section 2 includes a brief description of Jangmi's history. Section 3 discusses data collection and the analysis methodology used. In section 4, we examine the intensification of Jangmi over a 3-day period and carry out an azimuthally averaged analysis to determine the height of the 1 The term ''rotating convection'' is used in lieu of vortical hot towers (VHTs), which were first described in Hendricks et al. (2004) and later studied in Montgomery et al. (2006a) and Nguyen et al. (2008) , among others. To avoid any potential controversy that surrounds the definition of VHTs, the term ''rotating convection'' will be used throughout the rest of this paper. Usage of the term VHT has given some the impression that only deep convection (.12-km cloud depth) has strong rotation. However, a recent study by Wissmeier and Smith (2011) showed that even moderate convection (6-12-km depth) in a background rotation rate typical of the undisturbed tropical atmosphere can have a comparable impact on the stretching of low-level relative vorticity in comparison to intense deep convection. Thus, a broad definition is required for studying the aggregate impact of these convective elements on tropical cyclone spinup.
peak tangential wind. We use this analysis also to quantify the departure of gradient wind balance in the inner-core boundary layer region of the developing vortex. Section 5 presents analyses of the ELDORA radar observations during the spinup of Tropical Storm (TS) Jangmi in conjunction with high-resolution satellite imagery. Finally, section 6 presents a summary and conclusions drawn from the results.
Storm history
Supertyphoon Jangmi developed from a westwardpropagating disturbance that crossed over the western North Pacific Ocean near longitude 1708E on 17 September 2008. After struggling to develop for nearly a week, the storm organized quickly and was declared a tropical depression at 1200 UTC 23 September, when it was located approximately 435 km south-southwest of Guam (Chu et al. 2009 ). The tropical depression evolved rapidly into a tropical storm just 12 h later at 0000 UTC 24 September as it moved on a primarily northwestward track along the periphery of the low-to midlevel subtropical ridge to its northeast. The Joint Typhoon Warning Center (JTWC) best track is shown in Fig. 1 . Jangmi continued to intensify steadily with upperlevel divergence over its center and strong poleward outflow inferred from the satellite imagery (not shown).
During the third penetration of the storm by the WC-130J aircraft at 2359 UTC 24 September, the radar imagery (not shown) indicated that the eye diameter decreased from around 111 to 59 km in just over 2 h (Sanger 2008a) . Six hours later, at 0600 UTC 25 September, the storm was declared a typhoon with 1-min-average sustained surface wind speeds of 33 m s 21 and a minimum central pressure of 974 hPa (Chu et al. 2009 
Data and analysis methodology
Together, the USAFR WC-130J and a Naval Research Laboratory (NRL) P-3 flew a total of six research missions into Jangmi from the tropical depression to the supertyphoon stage (Fig. 2) . The NRL P-3 aircraft collected high-resolution ELDORA data in the storm while it was a weak tropical depression, a tropical storm, and a mature category-5 tropical cyclone. Since this research is focused on inner-core tropical cyclone spinup, we will discuss primarily the in situ and ELDORA data collected during intensification from the tropical storm to supertyphoon stage.
a. GPS dropsondes
The primary observational tool used in this study is the National Center for Atmospheric Research (NCAR) global positioning system (GPS) dropwindsonde (hereafter dropsonde or sonde) produced by V€ ais€ al€ a. The GPS dropsonde measures pressure, temperature, relative humidity (PTH), and horizontal wind speed at 2-Hz temporal resolution (0.5 s
21
) along a Lagrangian trajectory while descending at a rate between 12 and 15 m s 21 in the lower troposphere. The fall speed of the dropsonde results in a vertical resolution of around 5 m. The average PTH errors are less than 1.0 hPa, 0.28C, and 5%, respectively, and wind errors are less than 0.5 m s
. The reader is referred to Hock and Franklin (1999) and Franklin et al. (2003) for more information on the GPS dropsonde.
Quality control of the entire set of dropsondes was performed by the NCAR/Earth Observing Laboratory (NCAR/EOL). In addition, a manual investigation of each sounding was made to eliminate any bad data points that were missed by the quality control software. Only four erroneous temperature data spikes were discovered from among the 38 eye and eyewall dropsondes released in Jangmi, and these were removed from the analysis. There were 104 dropsondes deployed and used in this study (as shown in Table 1 ); however, most of the dropsonde analysis presented herein focuses on the 27 eyewall soundings.
b. In situ flight-level data
The USAFR 53rd Weather Reconnaissance Squadron (i.e., ''Hurricane Hunters'') aircrews provided the High-Density/High-Accuracy (HD/HA) flight-level data that includes geopotential height, extrapolated sea level pressure (SLP), air temperature, dewpoint temperature, wind direction, wind speed, and the peak 10-s average surface wind speed from the Stepped Frequency Microwave Radiometer (SFMR). The WC-130J was flown at an altitude between 2500 and 3000 m MSL while inside the storm. The High-Density Observation (HDOB) message transmits 30-s averages of the HD/HA data from the WC-130J aircraft, with the exception of the peak value data mentioned above (Williamson et al. 2009, their chapter 5) . For more information on the SFMR data, the reader is referred to Uhlhorn et al. (2007) .
The NRL P-3 1-s flight-level data were provided by NCAR/EOL and included air temperature, dewpoint, wind direction, wind speed, and geopotential height. The P-3 was flown at an altitude of approximately 4000 m MSL while inside the storm. NCAR/EOL carried out the quality control of the P-3 flight-level data. The temporal resolution of the NRL P-3 1-s flight-level data was not reduced to the coarser temporal resolution of the 30-s HDOB data from the WC-130J.
c. Storm center determination
To investigate the inner-core structure of Jangmi, we converted the in situ data from Cartesian to cylindrical coordinates in a storm-relative reference frame. Accurate center estimates to within 5 km are required for an appropriate coordinate transformation. The WC-130J aircraft center fixes were used to create a storm track file. The JTWC best-track centers were used to ensure a reasonable starting point for the cubic spline interpolation to the first aircraft center fix. The storm centers and storm motion data were fit using a cubic spline interpolation method, and then linearly interpolated to a 10-min storm track file. Using a simple linear interpolation, this track file was then used to determine the storm-relative position and storm-relative wind for each observation point along the flight track and dropsonde descent. The aircraft center fixes have an estimated accuracy to within one-half of the diameter of light and variable winds in the center (Williamson et al. 2009, 5-11) . The mean accuracy of the centers for the tropical storm, typhoon, and supertyphoon during the individual missions were approximately 7, 5, and 3 km, respectively. Thus, the storm centers for TS Jangmi may not have been accurate enough for an appropriate transformation into storm-relative coordinates. To ensure the inherent center errors did not significantly affect the results, a sensitivity analysis of the errors on the radial and tangential winds was carried out for radii between 0 and 800 km (see Sanger 2011, chapter 3, section E). The results of the analysis indicated mean RMSE values of ;2 m s 21 for both the radial and tangential wind speeds obtained from the dropsonde data with storm center errors less than or equal to 5 km.
To mitigate any significant errors in the analysis of TS Jangmi due to inaccurate center fixes (.5 km), we used the Willoughby and Chelmow (1982) storm centers that were made available by the National Oceanic and Atmospheric Administration/Hurricane Research Division (NOAA/HRD). These fixes, which typically have an accuracy to within ;3 km, were used to create a storm track file as detailed above.
d. Compositing technique
A simple compositing technique with bins based on storm-relative dropsonde location was used to develop the azimuthal mean of various kinematic and thermodynamical variables. Each observation point in the dropsonde and flight-level data was identified according to its radius from the storm center and placed into one of the following bins: eye, outer eye, eyewall, outer core, and ambient. These bins were estimated using the RMW, radius of the eye, and the radius of gales (total wind speed .17 m s
21
). The RMW was determined roughly by using the dropsonde data near the altitude of the azimuthally averaged peak tangential wind speed, or in the case of the tropical storm phase, the SFMR winds. The eye bin was defined using satellite and aircraft radar imagery and dropsonde data. The eye bin consisted of an area near the center of the storm, as observed via radar and satellite, to a radius at which the tangential wind speed remains #10 m s
. The outer-eye bin was taken to cover the region of the eye immediately adjacent to the eyewall with tangential wind speeds .10 m s
. The eyewall region contained deep convection as observed on satellite and radar imagery with tangential winds at least 80% of the RMW value. In the case of TS Jangmi, the eyewall bin was taken to span a radius from 45 to 120 km. The outer-core bin was taken to be the region covering twice the RMW out to the radius of gales. The ambient region (e.g., environment) was defined approximately as the radius just beyond the outer-core region of gales to approximately 800 km.
For each of the bins, the storm-relative tangential and radial velocities were calculated. In addition, the potential temperature u and virtual potential temperature u y were computed. The dropsonde data were linearly interpolated to a 50-m vertical grid from the surface to an altitude of 2000 m above the surface. The vertical grid was created using an Interactive Data Language (IDL) computer software interpolation function to fill in for missing data in the compositing and did not extrapolate beyond where the data record ends.
e. Gradient wind
Dropsonde observations and HDOB flight-level data were used to obtain an estimate of the azimuthally averaged pressure gradient for the calculation of the gradient wind curves during Jangmi's spinup using the following method. First, the gradient wind equation, from Holton (2004, p. 61) , was used to solve for the gradient wind speed at each dropsonde and HDOB grid point for a fixed altitude (since the radial inflow is found to be a very small fraction of the total wind speed near the height of the maximum wind, we neglect the radial wind in all of the gradient wind estimates presented here). The air density was computed explicitly for each dropsonde and HDOB observation using the ideal gas law. For the HDOB data points, density was estimated using an average value based on dropsondes. As in Bell and Montgomery (2008) , moisture was not taken into account in the density calculation, which introduces a negligible error into the gradient wind equation. Second, to facilitate the calculation of the pressure gradient at a fixed altitude, six levels were chosen for the gradient wind analysis: 275, 500, 750, 1000, 1250, and 1500 m. Then, a third-order polynomial curve fit of pressure with radius was made using the dropsonde observations as in Bell and Montgomery (2008) . Next, the radial pressure gradient, ›p/ ›r, was computed in units of pascals per meter (Pa m 21 ) using the raw polynomial curve fit of radius and pressure. Finally, the gradient wind curve was computed at each altitude and placed on a radial plot for comparison with the tangential wind speed measured by the dropsondes.
f. Satellite and ELDORA radar data
High-resolution infrared, visible, and microwave satellite imagery were used to determine the temperature and extent of cold cloud tops. They were used also to estimate the maximum extent of updrafts in TS Jangmi that were observed in the ELDORA mesoscale analyses of cells underneath cold cloud-top temperatures (#2658C). In addition, these data provide a foundation for a qualitative argument that cold cloud tops associated with convective bursts are likely an indication that the convection below is rotating throughout intensification of the storm.
The NRL P-3 ELDORA data collected on 24 September were analyzed during the tropical storm stage of Jangmi to diagnose the structure of relative vertical vorticity, convergence, and vertical velocity underneath convective cells with cold cloud-top temperatures and to determine if rotation was present in the lower troposphere as suggested in modeling studies. The reader 4. An azimuthally averaged view of Jangmi's spinup
The 3-day evolution of the azimuthally averaged, innercore structure of Jangmi in the radial and vertical plane is examined utilizing in situ high-density flight-level observations and 38 eye and eyewall dropsondes released during all three stages of the storm. The number of dropsondes launched in each region of the storm for each phase of Jangmi is depicted in Table 1 . The dropsondes were deployed from a USAFR WC-130J flying at an altitude of approximately 3 km and an NRL P-3 flying at around 4-km altitude. The dropsonde paths and multiple aircraft radial penetrations into Jangmi as a tropical storm, typhoon, and supertyphoon are shown in Figs. 3a, 4a, and 5a. The radial and vertical coverage of the dropsonde data points are shown in Figs. 3b, 4b, and 5b. Microwave satellite imagery in Figs. 3c, 4c, and 5c is shown to provide the context of storm structure for each of the three stages. The evolution of the tangential wind speed shown in Figs. 6b,d,f reveals that the RMW becomes distinct and closer to the storm center. Based on Figs. 6d,f, the RMW is estimated to be 55 km for Typhoon Jangmi and 24 km for Supertyphoon Jangmi. As a result of the asymmetric wind field and the small number of observations in TS Jangmi, we use the HDOB SFMR wind data to obtain a more accurate estimate of the RMW at both flight level and the surface.
The SFMR total wind observations and flight level winds retrieved from the HDOB 30-s data were used to estimate the RMW in each quadrant of TS Jangmi (see Table 2 ). A cubic polynomial curve was fit to all of the data points to estimate the axisymmetric mean RMW and is shown by the solid blue curve in Fig. 6b . The RMW average at flight level was ;100 km (not shown) and the SFMR RMW was ;75 km.
b. Individual eyewall dropsondes
Since the kinematic composites of the eyewall region (shown later in Fig. 10 ) are based on 27 dropsondes, it is of interest to study the individual dropsondes released in the eyewall . A majority (18 of 27) of the radial wind profiles for these sondes during the evolution of Jangmi show a radial inflow layer from the surface to between 600-and 1000-m altitude. The peak tangential wind speed in 26 of the 27 sondes occurred within the boundary layer, whose depth was estimated to be at least 1250-1500 m, based on the layer of gradient wind imbalance discussed below in section 4e (and shown later in Fig. 14) . Furthermore, 23 of the 28 sondes had the maximum tangential wind speed at or below an altitude of 600 m. Several profiles had peak tangential winds between 100 and 300 m above the sea surface. An inspection of the wind data above 2000 m for all 27 of the eyewall sondes revealed that only two of them contained the peak tangential wind in this region during the tropical storm and typhoon stage.
c. Kinematic composites
The azimuthal composites of tangential and radial wind for all three stages of Jangmi are shown in Fig. 10 for the eye (center of circulation out to a radius at which the tangential wind remains #10 m s 21 ), eyewall (region with deep convection and tangential winds at least 80% of the RMW value), outer core (twice the RMW out to the radius of gales), and environment (just beyond outer core to ;800-km radius) regions of the storm. In all three stages, there is mean radial inflow from the surface to an altitude of at least 1 km in the eyewall region of the storm. The peak azimuthally averaged tangential wind speeds are observed in the eyewall at an altitude of around 500 m in TS Jangmi and Supertyphoon Jangmi and about 650 m in Typhoon Jangmi. It will be shown later (in Fig. 14) that these altitudes are well within the azimuthal-mean boundary layer of the system-scale circulation. These findings are consistent with observational results (Franklin et al. 2003; Powell et al. 2003; Montgomery et al. 2006b; Bell and Montgomery 2008; Giammanco et al. 2008) , the theoretical analyses of Kepert (2001) , Zhang et al. (2001) , and , and the numerical model results of Kepert and Wang (2001) , which found also that the maximum wind speeds occurred at a height of around 500 m. The new intensification theory of discussed in section 1 provides a dynamical explanation for how the maximum tangential winds can exist in the frictional boundary layer and how strong radial inflow in this region of the storm can lead to the development of supergradient winds.
d. Gradient wind
Figures 11a,e show the cubic polynomial curve fits to the pressure data from the HDOB and dropsonde observations, while Fig. 11c depicts only the pressure curve fit based on the dropsonde measurements. The curve fits are judged to be very good with coefficient of determination values, r 2 , between 0.92 and 0.98 (Figs. 11a, c,e) The dashed blue curves in Figs. 11b,d ,f are the gradient wind estimates derived from the cubic polynomial fit to the dropsonde pressure data. On all three days, the tangential winds are most supergradient near and just within the RMW relative to the dropsonde-derived gradient wind curve. The dashed green curves in Figs. 11b,d,f provide an independent estimate of the axisymmetric gradient wind using the HDOB data, when they are available. The gradient wind computations using both the HDOB and dropsonde observations indicate the presence of supergradient winds near the RMW during the spinup of the storm.
2 Sanger (2011, see appendixes C-E) shows similar results at the five other altitudes analyzed. The maximum gradient wind is radially outward from the maximum supergradient wind in the tropical storm, typhoon, and supertyphoon phase of Jangmi.
The HDOB data have limitations in the eyewall region due to assumptions of a constant radial pressure gradient from flight level to the surface and hydrostatic balance in a region of significant upward and downward vertical velocities. However, plots of radial pressure profiles of the HDOB and dropsonde data at the surface and 500-m altitude (Figs. 12a,b ) suggest that these For TS Jangmi, the WC-130J radar imagery revealed that only two supergradient wind observations may have been influenced by deep convection. These radar observations disprove the null hypothesis that the supergradient winds were merely convective wind gusts. However, just because a supergradient wind observation is near an area of convection does not necessarily mean it is a result of the convection. Instead, it may be the result of boundary layer dynamics. limitations were not significant. It is clear from Figs. 12a,b that, for the TS stage, there is only a small discrepancy between the HDOB-derived and dropsondederived radial pressure profile in the boundary layer beneath the eyewall region. Thus, for TS Jangmi, it is reasonable to use the HDOB extrapolated SLP as a proxy of the azimuthally averaged pressure field to calculate the gradient wind speed. However, the asymmetric structure of TS Jangmi poses some concerns of using an axisymmetric gradient wind during this stage. The significantly increased scatter of the pressure data and the reduced r 2 values found in Fig. 11a raises a question about the representativeness of the axisymmetric gradient wind during the tropical storm stage of Jangmi due to the large degree of convective asymmetry apparent in satellite (Fig. 3c ) and radar observations (not shown). The cubic polynomial curve fit and radial profiles in individual quadrants of the HDOB-extrapolated sea level pressure, geopotential height, and tangential wind reveal asymmetries in these fields also (Sanger 2011, Fig. 17 and Figs. 50-52) .
M O N T H L Y W E A T H E R R E V I E
To investigate the issue of asymmetries in TS Jangmi described above, we used the HDOB data to perform an uncertainty estimate of the gradient wind. The uncertainty estimate was conducted via a quadrant-by-quadrant analysis using the more frequent 30-s HDOB extrapolated sea level pressure data. The error estimate was computed using the steepest pressure-gradient curve [northeast (NE) quadrant] and the flattest pressuregradient curve [west-southwest (WSW) quadrant, hereafter all quadrants are abbreviated] to compute an estimated upper and lower bound for the gradient wind curve. In this estimate, it was assumed that the radius of curvature of the tangential wind (i.e., primary circulation) was equal to the local radius. These two curves provide a reasonable uncertainty estimate of the asymmetric pressure field observed in TS Jangmi. The upper-and lowerbounding curves of the gradient wind are plotted with the HDOB and dropsonde-derived gradient wind curves and are shown in Fig. 13 . In Fig. 13 , the gradient wind associated with the steepest pressure gradient curve (NE quadrant-solid orange line) still lies below five supergradient wind observations near and just within the RMW. Note also that the dropsonde curve is very similar to the gradient wind curve obtained using the flattest pressure gradient (WSW quadrant- Fig. 6b . The HDOB extrapolated SLP was reduced using a constant offset of 55 hPa in both (a) and (b). The offset value was determined by subtracting the HDOB pressure value from the dropsonde pressure value at a radius of 75 km. This radius was chosen since it was the RMW. Note the difference in the radial pressure gradient near the RMW and that the HDOB curves have a steeper slope than the dropsonde curves, which is consistent with the findings of Bell and Montgomery (2008) . The quadrant-by-quadrant gradient wind analysis at 500-m altitude derived from the extrapolated sea level pressure for each of the six radial legs shown in Sanger (2011, Figs. 49b,d,f,h,j,l) shows at least one observation of supergradient winds in each quadrant (ESE-1, WSW-1, SSE-1, NE-1, NW-1, and SE-2).
3 After factoring in the 63 m s 21 error bar estimated from the gradient wind curve and center errors it was discovered that only 2 of the 7 supergradient wind observations were 10% or more above the gradient wind speed (11% and 19% in ESE and SE quadrants, respectively) . However, 4 of the 7 observations were 9%, 8%, 6%, and 4% above the gradient wind speed in the NW, NE, WSW, and SSE quadrants, respectively. One of the data points from the SE quadrant is in gradient wind balance after taking the estimated error bar into account. Thus, 6 of the 7 supergradient wind observations based on the error bar are at least 4% above the gradient wind speed. Furthermore, these results are based on the conservative HDOB gradient wind speed estimate. If one uses the dropsonde-derived gradient wind curve, all seven of the observations are at least 10% supergradient.
e. Boundary layer
As discussed in Smith and Montgomery (2010) , there is a plethora of definitions of the boundary layer. In their analyses of numerical simulations, chose to use the depth of strong inflow (radial wind speeds exceeding 2 m s 21 ), which is reasonably well defined in their calculations. However, since the boundary layer owes its existence to the inward agradient force brought about by the reduction of the tangential wind component by surface friction, an alternative definition would be to take the depth of significant gradient wind imbalance, for example, the height at which the tangential wind is 10% greater or less than the gradient wind. We refer to this as the dynamical definition of the boundary layer. Some authors have used a thermodynamic definition of the boundary layer to characterize the depth of the mixed layer based on the virtual potential temperature structure. Since mixing in the hurricane boundary layer is primarily associated with sheargenerated turbulence, we consider this definition inappropriate for application in this region. However, since FIG. 14. Boundary layer height comparison for (a) TS Jangmi, (b) TY Jangmi, and (c) STY Jangmi using thermodynamic and dynamic definitions. Dynamic boundary layer (layer of significant gradient wind imbalance) depth depicted by solid horizontal black line labeled ''GWB''; layer of significant radial inflow ($20% of near-surface value) shown by solid horizontal black line marked ''inflow''; thermodynamic boundary layer (well mixed) displayed with solid horizontal black line labeled ''TD.'' The height of maximum tangential wind speed depicted with solid horizontal black line labeled ''VT Max.'' Tangential wind speed composite (solid red line), radial wind speed composite (dashed blue line), potential temperature composite (dotted-dashed green line), and virtual potential temperature (small dashed purple line) are plotted on graph.
3 For details of the error analysis, the reader is referred to Sanger (2011, chapter 4, section 3d). the data are available we show the depth of this layer for comparison. Figure 14 shows the composite wind and thermal structure of the dynamic boundary layer during the evolution of Jangmi. In the figure, VT and VR denote the tangential and radial components of storm-relative wind, respectively, VPOT denotes the virtual potential temperature, and PT denotes the potential temperature. The depth of significant low-level radial inflow (VR $ 20% of its near-surface value) is shown with the solid black horizontal line labeled ''inflow.'' The height of the peak tangential wind speed is depicted with a solid black horizontal line labeled ''VT MAX.'' The estimated dynamic boundary layer depth is denoted by the solid black horizontal line labeled ''GWB.'' The thermodynamic boundary layer depth is depicted by the solid black horizontal line labeled ''TD.'' These data indicate that the dynamical boundary layer is much deeper than the well-mixed layer, consistent with the findings of Zhang et al. (2009) and Zhang et al. (2011) . Of particular significance, the average maximum tangential wind component lies well within the dynamical boundary layer and within the layer of significant radial inflow on all three days. Numerical modeling studies by Montgomery et al. (2006a) , Wissmeier and Smith (2011) , and Kilroy and Smith (2013) have shown that the stretching of vertical vorticity by growing convection amplifies this vorticity component by more than an order of magnitude to produce a local vorticity maximum and that the amplified vorticity remains for a long time after the initial updraft has decayed. The predicted vorticity levels are comparable with those observed in recent research on tropical depressions (Houze et al. 2009; Bell and Montgomery 2010; Raymond and L opez-Carrillo 2011) . One of the main findings in Wissmeier and Smith (2011) was that significant amplification of the vertical vorticity occurs even for a background rotation rate typical of the undisturbed tropical atmosphere and for clouds of only moderate vertical extent such as cumulus congestus clouds. Thus, one should focus not only on the deepest convection, but consider also the net effect of the moderate convection in the aggregate. Deep convective cells of varying intensity were observed during the spinup of Jangmi. A brief investigation of this convective activity is presented first to provide a context for a quantitative assessment of the vorticity and convergence in some of the updrafts in TS Jangmi, using results from the ELDORA mesoscale analysis of cells that were underneath cold cloud-top temperatures of #2658C.
b. Analysis of convection
The evolution of convective cells during the spinup of Jangmi is shown using satellite imagery in Fig. 15 during the tropical storm stage. Between 2030 UTC 24 September and 0257 UTC 25 September, two major convective bursts commenced at 2030 UTC 24 September (panels 1-7 in Fig. 15 ) and 2330 UTC 24 September (panels 8-12 in Fig. 15 ). These bursts consisted of the development of cells and their associated anvil clouds near the center of TS Jangmi with extremely cold cloudtop temperatures of ,2858C. Throughout this period, the anvil clouds grew in size and merged into one large region of extremely cold cloud tops covering an area of around 46 000 km 2 . A variety of additional observational sources indicated evidence of other convective burst activity during the 3-day spinup period. For example, a timely CloudSat pass at 1709 UTC 25 September sampled a deep convective cell in the storm's southern quadrant located near the center of the storm that extended to an altitude of nearly 17 km (Fig. 16 ).
Other areas of both moderate and deep convection were observed in the northern and southern quadrants of Jangmi.
c. ELDORA radar observations in Tropical Storm Jangmi
The ELDORA radar on board the NRL P-3 observed some of the deep convection in TS Jangmi on 24 September 2008. There were many instances where the radar sampled enhanced levels of vertical vorticity within convective clouds. As an illustration, we show an example of a convective complex with a well-defined vertical vorticity signature. The ELDORA domain for the period 2310-2320 UTC 24 September is overlaid with the Multifunctional Transport Satellites (MTSAT) infrared imagery on 2313 UTC 24 September, which shows extremely cold cloud-top temperatures of ,2758C (Fig. 17) . The motivation for this radar analysis is to . The ELDORA radar analysis at both 1.5-and 8.0-km altitude shows that underneath a region of extremely cold infrared cloud tops there are multiple rotating convective cells. To investigate further the presence of rotating convection, a vertical cross section of the strongest updraft is taken at y 5 20 km (denoted by the dashed red line in Figs. 18a and 19a) .
The vertical cross section in Fig. 20a reveals the existence of strong, upright convection with greater than 40-dBZ reflectivity values extending to an altitude of around 6 km with a horizontal extent of about 12 km and echo tops stretching up to an altitude of more than 15 km. Strong updraft velocities on the order of 4-9 m s 21 are analyzed in the moderate to strong radar reflectivities extending to around 11-km altitude.
In Fig. 20c , an area of enhanced vertical vorticity is collocated with a 12-km-wide vertical updraft from an altitude of 1.5 up to 13 km. observed below 2-km altitude and between 4-and 6-km altitude. The findings here are consistent with those obtained in previous studies of convective-scale asymmetric features of tropical cyclones using airborne Doppler radar and dropsonde data (Marks and Houze 1984; Reasor et al. 2005; Reasor et al. 2009; Houze et al. 2009; Bell and Montgomery 2010; Raymond and L opez-Carrillo 2011) . The observed occurrence of vortical convection is consistent also with recent numerical modeling studies of Hendricks et al. (2004) , Montgomery et al. (2006a) , Nguyen et al. (2008) , Shin and Smith (2008) , and Fang and Zhang (2011) , which suggested the importance of vortical convection to spinup of the inner core. However, since there was a limited amount of data analyzed in this case, further studies of storms using ELDORA radar are necessary to yield a more rigorous assessment of rotating convection and to quantify its impact on tropical cyclone spinup.
Summary and conclusions
An observational study of the spinup of Supertyphoon Jangmi was carried out using data collected during the TCS-08 field experiment. These data include GPS dropsondes, ELDORA radar, and satellite imagery. Individual and composite vertical profiles of the dropsonde data were examined to determine the structure of the inner-core boundary layer of the intensifying storm. It was shown that the azimuthally averaged maximum tangential wind speed lies well within the dynamical boundary layer on all three days. An analysis of gradient wind balance was obtained at selected heights up to 1500 m from the dropsonde and HDOB data. The results suggest the presence of significant supergradient winds within the dynamic boundary layer and near the RMW in all three stages of the storm evolution. The largest supergradient wind speeds occurred near and just inside the RMW during the supertyphoon stage of Jangmi, but the highest supergradient winds relative to the local gradient wind occurred in the TS phase. The evidence suggesting the existence and spatial structure of supergradient winds near and within the RMW supports the arguments presented by , , and Smith and Montgomery (2010) that unbalanced boundary layer dynamics in the inner-core region are an important component in determining the maximum axisymmetricmean radial and tangential flow at all times during the evolution of the storm.
Fluid dynamical reasoning suggests convection in a rotating environment should be vortical in nature. This expectation is confirmed by the ELDORA radar analysis, which showed multiple areas of rotating updrafts in the inner-core circulation some hours before its intensification to a typhoon. In one instance, there was a region of enhanced cyclonic vorticity on the order of 2 3 10 23 s 21 collocated with a 12-km-wide updraft, which contained average velocities of around 4-5 m s 21 and a peak of 9 m s 21 at 8-km altitude. This region had also strong low-level and midlevel convergence. This region was collocated with cold cloud-top temperatures as shown in the infrared satellite imagery. Various satellite images covering the entire 3-day spinup period showed bursts of deep convection with cold cloud-top temperatures, suggesting that rotating convection was prevalent during the entire spinup of Jangmi. The findings are consistent with those of previous studies examining convective-scale features of tropical cyclones using airborne Doppler radar. The foregoing results support the hypothesis that rotating convection and the accompanying system-scale spinup mechanisms described herein, contributed to the intensification of Tropical Cyclone Jangmi. Of course, this is only one storm and clearly further studies of storms using Doppler radar are required to provide a more complete sample of vortical convective structures and to quantify their effect on the primary circulation.
In view of the caveats involved with the axisymmetric gradient wind calculations, future research aircraft penetrations should aim to release dropsondes more frequently across the RMW during each radial leg to allow improved resolution of the radial pressure gradient there and permit an assessment of whether supergradient winds exist in the dynamic boundary layer at the tropical storm stage more generally. As a first step in this direction, such an analysis is being conducted for the spinup portion of Tropical Storm Earl, which rapidly intensified to a major hurricane during a recent 2010 field experiment. The results of this analysis will be reported in due course.
